To investigate disturbances in the coronary circulation and myocardial metabolism during septic shock, we examined coronary sinus blood flow and myocardial substrate extraction in 40 patients with septic shock and 13 control patients. Patients with coronary artery disease were excluded from this study. The global hemodynamic pattern of the septic patients was characterized by a lower stroke volume, despite an elevated cardiac index. Coronary sinus blood flow was high (187 + 47 vs 130 ± 21 ml/min in the control group, p < .001) due to marked coronary vasodilation, especially in the subgroup of nonsurvivors. In contrast to the control group, myocardial lactate uptake was elevated, while that of free fatty acids, glucose, and ketone bodies was diminished in patients with septic shock. These findings were especially prominent in the nonsurvivors. Expressed as oxygen equivalents, the contribution of free fatty acids as an energy source of the myocardium was markedly diminished in septic patients (12% vs 54% in the control group, p < .005), while that of lactate was increased (36% vs 12%, p < .01). The observed shift in myocardial substrate extraction was associated with a discrepancy between measured myocardial oxygen consumption and that calculated chemically from commonly available exogenous substrates: 41 % of myocardial oxygen consumption was not explained by the utilization of commonly available substrates extracted from coronary circulation in all patients with septic shock. These data indicate that myocardial utilization of endogenous substrates may probably account for this discrepancy, suggesting that a "mandatory" utilization of endogenous energy sources might underlie progressive cardiac involvement in septic shock. Circulation 75, No. 3, 533-541, 1987. Physiology, Cochin Port-
SEPTIC SHOCK is a frequent and serious disorder with a high mortality. In recent years, increasing attention has been directed to the study of the hemodynamic and metabolic alterations accompanying septic shock. The hemodynamic pattem of septic shock in humans is generally characterized by a high cardiac output and a low systemic vascular resistance.`A However, there is strong evidence that myocardial dysfunction can occur early in experimental5'6 and human79 septic shock, even in the presence of an elevated cardiac output.9 The cause of the observed myocardial dysfunction remains unclear. If myocardial hypoperfusion does not appear to play a role in this dysfunction in human From the Departments of Medical Intensive Care, Biochemistry, and beings,10 alterations in myocardial metabolism may be contributory. Indeed , it has been demonstrated that marked changes in myocardial substrate utilization occur quite early in endotoxin shock and may play a role in cardiac depression. '1 The purpose of this study was to evaluate changes in myocardial metabolism during human septic shock and to determine whether such changes could explain cardiac dysfunction accompanying this disorder.
Methods
Patients. Forty patients with septic shock were studied in the medical intensive care unit of Cochin University Hospital over a period of 6 years (from September 1979 to September 1985) . The diagnosis of shock was based on a mean arterial blood pressure of less than 60 mm Hg, peripheral cyanosis, and a urinary output of less than 20 ml/hr. Thirty-six patients had positive blood cultures. Four had localized sites of culturepositive infection with negative blood cultures, and this was ascribed to concomitant treatment with broad-spectrum antibi-otics. Patients who had a history of cardiac or coronary artery disease and those with associated severe adult respiratory distress syndrome, requiring high levels of positive end-expiratory pressure (> 10 cm H20) were excluded from the study. Informed consent was obtained from patients or families and the protocol was approved by the Human Research Committee of our institution.
Treatment protocol. Each patient was treated by the same group of physicians according to the following protocol. On admission, most of the patients were considered to be hypovolemic because of low pulmonary wedge pressure. To minimize individual hemodynamic variations due to differences in circulating blood volume, baseline values reported are those obtained after volume expansion with plasma protein solution. The volume administered was considered optimal when pulmonary wedge pressure was higher than 12 mm Hg and when additional volume infusion no longer increased cardiac output. The volume administered averaged 961 --702 ml. All studies were performed before the use of inotropic drugs. Patients who required immediate infusion of inotropic drugs were excluded from the study. In each patient, treatment included antibiotics, mechanical ventilation, and surgery when needed. For 4 hr before the study, all patients received 5 g glucose/hr only. No amino acids or lipids were infused. All studies were done when arterial Po2 and pH were normal.
Hemodynamic measurements. Within 6 hr of the onset of shock, hemodynamic investigations were carried out by the same two physicians (J. F. D. and M. F. H.). Standard hemodynamic monitoring included systemic and pulmonary arterial catheterization, with catheters introduced percutaneously via the radial artery and the internal jugular vein, respectively. The radial artery is theoretically not an optimal site for measuring intra-arterial pressure in patients in shock because of the presence of proximal vasoconstriction. However, errors in measurement are probably few in low-resistance septic shock, and radial artery catheterization provides a convenient and safe technique both for measuring intra-arterial pressure and drawing blood samples in such patients with frequent coagulation disorders. Systemic arterial pressure, right atrial pressure, pulmonary arterial pressure, and pulmonary capillary wedge pressure were zero-referenced to the midchest and measured at end-expiration with a Siemens Mingograph 804 multichannel recorder. Cardiac output was measured in triplicate by the thermodilution technique (Cardiac Output computer, model 9520, Edwards Laboratories, Santa Ana, CA).
Simultaneously, coronary blood flow was measured by a continuous-infusion thermodilution technique,12 at an infusion rate of 50 ml 5% dextrose per minute for 30 sec, with a Harvard injector. A No. 7F two-thermistor catheter (Wilton Webster Laboratories, Altadena, CA) was inserted through the femoral vein and advanced to the coronary sinus. The position of the sensing thermistor was confirmed fluoroscopically by small injections of contrast medium. Each determination was performed three times, with triplicate measurements never differing by more than 10%. Positive end-expiratory pressure was removed during hemodynamic measurements, because pulmonary hypertension and increased intrathoracic pressure can result in significant reflex of right atrial blood into the coronary sinus. 13 To exclude right atrial reflux before the measurement of coronary sinus flow, the absence of change in coronary sinus blood temperature was verified during bolus injection of cold saline into the right atrium.
Biochemical studies. Concomitantly, arterial, pulmonary arterial, and coronary sinus blood samples were drawn for the measurement of hemoglobin, hematocrit, and oxygen saturation. Oxygen partial pressures were determined with a BSM 2 Radiometer apparatus. Oxygen content was measured by a Lex-02-Con apparatus (Lexington Instruments).
In addition, simultaneous arterial and coronary sinus blood samples were obtained for the measurement of lactate, glucose, free fatty acids, and ketone bodies. Lactate was measured with a lactate electrode (Lactate Analyser 640 Roche-Kontron, Velizy, France). 4 Glucose determination were performed by a glucose oxidase-peroxidase method. Serum samples for free fatty acids determinations were immediately assayed after blood centrifugation. Free fatty acids were estimated by the enzymatic method of Mizuno et al. 16 Ketones were analyzed according to the method of Mellanby and Williamson.17 All analyses were performed in duplicate.
To assess metabolism in terms of moles of oxygen consumed, the uptake of substrates was expressed as mole of oxygen with the following oxygen equivalents: 3 mol oxygen/mol of lactate, 23 mol oxygen/mol of free fatty acids, 6 mol oxygen/mol of glucose and 4.5 mol oxygen/mol of ketone bodies.
Calculations. Systemic vascular resistance (SVR) was calculated from the formula: SVR(mm Hg/liter/min) = (AP -RAP)/CO, where AP = mean arterial pressure (mm Hg); RAP = mean right atrial pressure (mm Hg); CO = cardiac output (liters/min).
Systemic oxygen consumption (VO2) was calculated as: VO2 (ml/min/m2) = C(a-v) 02 x Cl x 10, where C(a-v) 02= arteriovenous oxygen content difference (ml 02/100 ml); CI cardiac index (liters/min/m2). Systemic oxygen extraction (EsO2) was calculated as EsO2 mg = C(a-v) 02/CaO2, where CaO2 arterial oxygen content (ml 02/100 ml). Coronary sinus blood flow (CSF) was calculated from the formula: CSF (mllmin) = Fi x 1.08 x (Tcs -Ti)/(Tb -Tcs), where Fi = infusate flow rate (mllmin); 1.08 = specific heat constant (based on the thermal properties of 5% dextrose); Tcs = temperature ('C) at the coronary sinus thermistor; Ti temperature of infusate; Tb = temperature of blood.
Coronary vascular resistance (CVR) was calculated from the formula: CVR (mm Hg/ml/min) -(MAP -RAP)/CSF. Myocardial oxygen consumption (MVO2) was calculated as: MVO2 (ml/min) = C(a-cs) 02 X CSF/ 100. Myocardial oxygen extraction (EmO2) was calculated as EmO2 C(a-cs) 02/CaO2, where C(a-cs) 02 = arteriocoronary sinus oxygen content difference (ml 02/100 ml); CaO, = arterial oxygen content (ml 02/100 ml).
Myocardial substrate uptake was calculated as c(a-cs) x CSF and myocardial substrate extraction was calculated as c(a-cs) X 100/ca, where c(a-cs) = arteriocoronary sinus concentration difference (nmol/liter or ,imol/liter); CSF = coronary sinus blood flow (ml/min); ca = arterial substrate concentration.
Control group. These hemodynamic and metabolic studies were also done in 13 control subjects, average age 37 + 6 years, who were undergoing routine cardiac catheterization for monovalvular dysfunction without alteration of ventricular function.
Statistical analysis. The frequency of underlying diseases and of fatalities were compared by means of the chi-square test with the Yates correction. Hemodynamic and biochemical data were analyzed with Student's test; the t test for nonpaired variables was used with comparing intergroup differences. Linear and logarithmic regressions were performed by least squares analysis. All values are expressed as the mean + SD.
Results
The clinical characteristics of the 40 patients are presented in table 1. The mean age was 35.9 years, with a range of 18 to 54 years. The sources of infections were the skin and soft tissue (13), abdomen (13), lung (seven), urogenital tract (three), and other sites (four). Blood cultures were positive in 36 patients, 21 with gram-negative bacteria, 12 with gram-positive bacteria, and three with multiple bacteria. In the four patients with negative blood cultures that were attributed to concomitant broad-spectrum antibiotic treatment, the infectious agent was isolated from purulent exudates.
Twelve patients had no significant underlying disease and the other 28 had the following: hematologic malignancy (seven), nonhematologic malignancy (four), diabetes (four), alcoholism (five), chronic inflammatory disease (four), posttraumatic splenectomy (two), chronic obstructive pulmonary disease (one), and Crohn's disease (one).
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patients developed ischemic electrocardiographic changes during the study. Thirty-two patients required mechanical ventilation; of these, 15 survived and 17 did not. Of the 32 patients, nine required positive end-expiratory pressure at an average level of 5 cm H20 (range 4 to 8). Seven patients required hemodialysis, two of whom survived and five of whom did not. The survivors and nonsurvivors did not differ significantly with respect to age (mean 37 vs 34 years), estimated duration of shock (mean 13 vs 15 hr), bacterial type, or use of mechanical ventilation or hemodialysis.
Autopsies were done on nine of 13 nonsurvivors. None of the patients had significant coronary artery disease.
Peripheral hemodynamic abd systemic metabolic data (table 2) . The global hemodynamic pattern was characterized by tachycardia, hypotension, and reduced systemic vascular resistance. The 40 septic patients had a lower stroke volume index than that in the control group (-24%). The nionsurvivors had only a significantly higher heart rate ( + 15%) than the survivors.
Septic patients presented with higher oxygen consumption, arterial levels of lactate, free fatty acids, and glucose, and lower arterial levels of ketone bodies than those observed in the control group. In contrast, the nonsurvivors had significantly higher arterial levels of lactate than the survivors.
Coronary hemodynamic and myocardial metabolic data (table 3) . A sustained elevation of coronary sinus blood flow (+31 %) with reduced coronary vascular resistance was observed in all patients with septic shock (figure 1). Coronary sinus blood flow was significantly higher (+ 16%) and coronary vascular resistance significantly lower (-21%) in the nonsurvivors than in the survivors.
In addition, compared with controls, the hearts from septic patients had a consistently elevated coronary blood flow, estimated as cardiac index x mean arterial pressure, 14 over a wide range of myocardial workloads (figure 2). Myocardial oxygen consumption and myocardial workloads were not significantly different in the control and septic patients. Myocardial efficiency, the slope of the relationship between myocardial oxygen consumption and myocardial work, was not modified in septic patients: y = 0. 02x + 10. 8, r = .46, n =40vsy O.Olx+ 11.5,r .71,n= 13inthe control group (not illustrated).
In both the survivors and nonsurvivors, myocardial lactate uptake was elevated (+ 221 %), whereas myocardial free fatty acid ( 77%), glucose (-52%), and ketone body (-86%) uptake was markedly dimin- ished. As illustrated in figure 3 , a close positive linear relationship between myocardial lactate and myocardial oxygen consumption was found in the patient group. A close positive linear correlation was found between arterial lactate and myocardial lactate extraction ratio in the control group (y = 0.29x + 0.01, r = .85) while none was observed in patients with septic shock.
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In addition, a negative correlation between arteriocoronary sinus differences in lactate and free fatty acids was found in the control group (y = -0.57x + 0.23, r = .70), but not in the patient group. In three patients with acute renal failure who required immediate hemodialysis, arterial lactate concentration fell (from 7 addition, the nonsurvivors had a lower myocardial free fatty acid and glucose uptake than the survivors. Expressed as oxygen equivalents (figure 4), the contribution of free fatty acids as the energy source of the myocardium was markedly diminished in all patients with septic shock (12% vs 54% in the control group, p ALL < .005), while that of lactate was consistently increased in these septic patients (36% vs 12% in the control group, p < .01). The contribution of glucose and ketone bodies was also significantly diminished. This decrease in free fatty acids, glucose, and ketone body contribution was more pronounced in the nonsurvivors ( figure 5 ). In addition, measured myocardial oxygen consumption was significantly lower than that calculated chemically in septic patients. Forty-one percent of myocardial oxygen consumption was not explained by the utilization of substrates extracted from the coronary circulation ( figure 4 ). This discrepancy was even greater (55%) in the nonsurvivors (figure 5).
Myocardial hypoxia (zero or negative lactate uptake) was observed in only six septic patients (table 4) . These patients were characterized by a lower cardiac index, coronary perfusion pressure (defined as arterial pressure minus right atrial pressure), and coronary sinus blood flow than those in the other 34 patients, and by myocardial oxygen extraction and glucose uptake that were not markedly or significantly increased, as is usually observed in myocardial hypoxia. Four patients survived and two did not.
Finally, no significant difference was observed re- garding coronary hemodynamics and myocardial metabolism in patients with bacteremia due to gram-positive cocci and those who had bacteremia due to gram-negative bacilli.
Discussion
The present study identifies a marked coronary vasodilation and an apparently adequate myocardial oxygen consumption associated with profound changes in myocardial substrate extraction in patients with septic shock.
A marked elevation of myocardial blood flow was observed in all patients with septic shock, in agreement with findings of Cunnion et al.'`Under physiologic conditions, changes in coronary blood flow are in proportion to the myocardial oxygen demand and the rate of myocardial oxygen consumption is closely related to the work performed.`8 In this clinical study, coronary blood flow was higher in septic patients than in control subjects at any given workload. This apparently inappropriate high coronary blood flow in the septic patients may result from the following: (1) Myocardial hypoxia can initiate intense dilation of coronary circulation.18 However, only six of 40 septic patients with particularly low cardiac output and low coronary perfusion pressure developed myocardial hypoxia; the other 34 septic patients had a markedly high lactate extraction. (2) As previously suggested by Lang et al. ,19 such coronary vasodilation may be due to an inappropriate release of putative vasodilator substance(s) in septic patients that would possibly result in a loss of autoregulation. During septic shock, the marked increase in arterial levels of epinephrine,20 histamine,2' kinins,22 and prostacyclin23 may play a role in the loss of coronary autoregulation. (3) In recent years, a number of serum substances with the capacity to induce myocardial depression2111 or the release of amino acids from skeletal muscle27 have been described in patients with sepsis. These serum substances might cause the observed inappropriately high coronary blood flow. Such a relationship will require further study. (4) Lastly, it is not possible to exclude the Vol. 75, No. 3, March 1987 observed alteration in myocardial substrate extraction as a cause of the coronary vasodilation observed.
The shift of myocardial free fatty acid and lactate extraction observed in the present study is quite similar to that reported previously in dogs subjected to endotoxin`and to hemorrhagic29 shock. In these dogs, the contribution of free fatty acid to myocardial energy utilization was greatly diminished and that of lactate was elevated. It is not evident from these studies whether the shift in uptake of substrate is a direct response of the heart to septic shock or is related secondarily to the elevation in arterial lactate concentration.
Although the similar metabolic alterations observed after the administration of sodium lactate in control dogs30 are ascribed to lactate's inhibition of long-chain fatty acyl thiokinase in the heart,3' we believe that a direct cardiac response to septic shock may account for our findings for the following reasons: (1) No correlation was found between myocardial lactate and free fatty acid uptake and their arterial levels, in contrast to the correlations found in our nonseptic patients and in those reported elsewhere. (2) In three patients with acute renal failure who required immediate hemodialysis, arterial lactate concentration fell after dialysis, whereas myocardial lactate and free fatty acid uptake remained unchanged. In addition, similar alterations in substrate were observed by Spitzer" under conditions in vitro using enzymatically isolated beating adult myocytes incubated in the presence of increasing concentration of Escherichia coli endotoxin. Thus, while the elevation in arterial lactate concentration contributes to the shift in substrate extraction, a direct response of the heart to septic shock cannot be excluded.
The septic shock-induced alterations in myocardial substrate extraction were not restricted to lipid and lactate metabolism. Myocardial glucose and ketone body uptakes were low and significantly lower in the nonsurvivors.
A discrepancy between measured myocardial oxygen consumption and that calculated chemically from commonly available exogenous substrates was observed in septic patients, especially in the nonsurvi-vors. Except for the unlikely possibility of unidentified reaction(s) from another exogenous substrate, 32-34 this discrepancy suggests a marked increase in myocardial utilization of endogenous substrates. Carbohydrate energy reserves in the myocardium are markedly lower than those in skeletal muscle, since the glycogen content of cardiac muscle is about 5 g/kg wet weight, a third to a quarter of that in skeletal muscle.35 In addition, it has been shown that the isolated heart perfused without exogenous substrate cannot maintain contractility for long period of time without failing36 or exhibiting marked endogenous lipid depletion.7 Such a myocardial utilization of endogenous reserves might underlie progressive cardiac depression.
The significance of the relationship between the described myocardial metabolic alterations and cardiac performance remains to be determined. The alterations of myocardial substrate extraction were associated with a lower cardiac performance in septic patients than in control patients, despite a significantly higher pulmonary wedge pressure and lower systemic vascular resistance. Increases in myocardial work accomplished only by the elevation of heart rate, and not of stroke volume, suggest altered myocardial efficiency. However, the relationship between myocardial oxygen consumption and myocardial work was not altered in septic patients. This finding indicates normal myocardial oxidative phosphorylation in our patients, despite their impaired cardiac performance, as previously described in chronic heart failure produced by obstructing ventricular outflow.38 Additional studies are needed to clarify the possible relationship between the metabolic abnormalities and such hemodynamic changes.
Conflicting results have been reported concerning myocardial ischemia or hypoxia during endotoxin and septic shock.'0 19 39-41 Results from our study show low frequency of myocardial hypoxia. These findings confirm the earlier results of Cunnion et al. ,10 who found no evidence of the development of myocardial hypoxia in seven patients with septic shock. Indeed, in our study, despite marked coronary vasodilation in all 40 patients, only six patients with both low cardiac output and perfusion pressure developed myocardial hypoxia. This myocardial hypoxia was probably due to both low coronary perfusion pressure and altered myocardial oxygen extraction in septic shock. The observed fall in perfusion pressure in these six septic patients probably produced myocardial ischemia, predominating in subendocardial areas particularly susceptible to low perfusion pressure.4' In addition, altered myocardial oxygen extraction most likely aggravated the conse-540 quences of poor myocardial perfusion. A compensatory mechanism for decreased coronary flow is the increase in myocardial oxygen extraction demonstrated by Mueller et al. 42 in patients with coronary shock. We found the absence of an increased myocardial oxygen extraction response to myocardial ischemia, suggesting an alteration in myocardial oxygen uptake, as has been observed in other tissues. 43 Thus, despite already marked coronary vasodilation, myocardial hypoxia may have participated in cardiac depression, further lowering both low cardiac output and perfusion pressure in this small group of septic patients. However, no significant change was observed in myocardial glucose uptake during myocardial hypoxia in our six patients, in contrast to the change observed in patients with coronary artery disease.' From a clinical perspective, in the setting of hypoxia in septic shock, it seems particularly urgent to restore an adequate perfusion pressure and hence coronary blood flow because of the alteration of myocardial extraction of oxygen and glucose.
In conclusion, our findings show that, in human septic shock, myocardial uptake of free fatty acids, glucose, and ketone bodies is markedly diminished, while myocardial lactate uptake is increased. Lactate becomes the main exogenous energy substrate available for the myocardium. Myocardial utilization of endogenous reserves of substrates seems to play an important role in energy production and might underlie progressive cardiac depression. However, the precise relationship between myocardial metabolism and cardiac function remains to be clarified by further investigation.
